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In bacteria, niche adaptation may be determined by mobile extrachromosomal elements. A
remarkable characteristic of Rhizobium and Ensifer (Sinorhizobium) but also of Agrobacte-
rium species is that almost half of the genome is contained in several large extrachromo-
somal replicons (ERs). They encode a plethora of functions, some of them required for
bacterial survival, niche adaptation, plasmid transfer or stability. In spite of this, plasmid
loss is common in rhizobia upon subculturing. Rhizobial gene-expression studies in plant
rhizospheres with novel results from transcriptomic analysis of Rhizobium phaseoli in
maize and Phaseolus vulgaris roots highlight the role of ERs in natural niches and allowed
the identiﬁcation of common extrachromosomal genes expressed in association with plant
rootlets and the replicons involved.
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Rhizobia is a generic name to refer to several genera of
a and b-Proteobacteria. Rhizobia are successful legume
and non-legume rhizosphere colonizers and form nitrogen
ﬁxing nodules in legumes. Rhizobia inhabit the soil and
other niches such as seeds (López-López et al., 2010;
Pérez-Ramírez et al., 1998) or inside plant tissues as endo-
phytes (Chaintreuil et al., 2000; Gutiérrez-Zamora and
Martínez-Romero, 2001; Reiter et al., 2003; Yanni et al.,
1997). Legumes that establish symbiosis with rhizobia
can colonize nitrogen poor environments, may enrich the
soil or require less chemical nitrogen fertilizers as agricul-
tural crops.
In rhizobial research, an outstanding discovery was that
symbiosis abilities resided in plasmids that could be lost or
transferred among bacteria (Bánfalvi et al., 1981; Hooykaas
et al., 1982; Johnston et al., 1978; Nuti et al., 1977; Nuti
et al., 1979; Rosenberg et al., 1982; Sutton, 1974; Tshitinge
et al., 1975; Zurkowski, 1982; Zurkowski and Lorkiewic,
1976). Symbiotic plasmids are found in Rhizobium,
Ensifer = Sinorhizobium, in few Mesorhizobium species, in
the b-Protobacterium Cupriavidus taiwanensis that forms
nodules in Mimosa species (Amadou et al., 2008) and in
Burkholderia sp. CCGE 1002 isolated from a nodule of Mi-
mosa occidentalis collected in Tepic, Mexico (genome NCBI
ID 640511). However symbiotic plasmids are not found in
Bradyrhizobium (Cytryn et al., 2008; Hahn and Hennecke,
1987; Haugland and Verma, 1981), in Azorhizobium cauli-
nodans (Lee et al., 2008) or in most Mesorhizobium strains
(Wang et al., 1999; Xu and Murooka, 1995; Zou et al.,
1997). Nitrogen ﬁxation occurring in nodules may be con-
sidered as an ecological service. Genes involved in this pro-
cess (nif genes) are plasmid encoded in Rhizobium, Ensifer
(Sinorhizobium), few Mesorhizobium species, Burkholderia
and Cupriavidus strains but located in chromosomes in
many bacteria (reviewed in Ormeño-Orrillo et al., in press).
In rhizobia, symbiosis variants (symbiovars) are recog-
nized on the basis of host speciﬁcity and effectiveness
(nitrogen ﬁxation) mainly determined by symbiotic plas-
mids or islands (Rogel et al., 2011). Reviews on symbiotic
plasmids (Romero and Brom, 2004) and on the bacterial
and plant functions required during the symbiotic process
have been published (Oldroyd et al., 2011; Peix et al.,
2010).
Methods to visualize rhizobial plasmids (Eckhardt,
1978; Hirsch et al., 1980; Hynes and McGregor, 1990) were
pivotal to the study of their diverse patterns, their stability
and for the determination of the plasmid location of sym-
biosis signiﬁcant genes. In addition to symbiotic plasmids,
different large plasmids or extrachromosomal replicons
(ER) are found in nodule forming bacteria. However, only
23% of Bradyrhizobium japonicum and B. elkanii strains from
different geographical regions contained plasmids (Cytrynet al., 2008). The role of plasmids in the Rhizobiaceae
focusing on interbacterial and transkingdom interactions
was recently reviewed (Pappas and Cevallos, 2011). Differ-
ent types of ER have been described, such as chromids
(Harrison et al., 2010) as well as secondary chromosomes
(Slater et al., 2009). Housekeeping and ribosomal genes
that are relocated to plasmids may make them look like
secondary chromosomes. ER that encode housekeeping or
essential functions, stably maintained in bacteria and hav-
ing a GC content similar to that of the chromosome, have
been designated chromids and have been identiﬁed from
genomic data in several rhizobial strains (Harrison et al.,
2010). The deﬁnition of essential functions encoded in ER
must be reviewed because genes may only be conditionally
essential on somemedia or conditions. For example, a plas-
mid may be cured in the laboratory and thus be considered
non essential but may be essential in soil or in the rhizo-
sphere. On the other hand, use of the curing plasmid strat-
egy to recognize essential genes may lead to erroneous
conclusions if essential genes move to other replicons dur-
ing the plasmid elimination (curing) process and selection
of survivors. Genome sequence analysis of cured strains
would reveal such events.2. Extrachromosomal replicons in rhizobia, a substantial
proportion of their genomes
We will focus mainly on Rhizobium with only some ref-
erences on Ensifer and the related Agrobacterium genus that
includes species forming tumors in plants. A remarkable
characteristic of Rhizobium, Ensifer but also of Agrobacte-
rium species is the large amount of genomic DNA con-
tained in ER. From 30% to almost 50% of the genome may
be extrachromosomal in symbiotic or pathogenic strains
(Table 1). Agrobacterial plasmids were reviewed in Suzuki
et al. (2009). Although ER may represent a burden for bac-
terial growth in some cases, this is not the case with rhizo-
bial plasmids. On the contrary, they are important for
bacterial physiology as has been shown for Rhizobium etli
CFN 42 in which strains cured of most of the plasmids
had larger duplication times (Brom et al., 1992). Further-
more, ER may contribute signiﬁcantly to the phenotype
and to the bacterial pangenome, the whole species
genome.
Most rhizobial ERs are large and in low copy number.
Rhizobial strains have several ERs (Table 1 in Romero and
Brom, 2004), up to 11 in R. leguminosarum. Agrobacteria,
R. galegae, R. phaseoli, R. tropici and R. gallicum seem to have
fewer, 2–4. In rhizobia and in other a-Proteobacteria most
ERs have repABC replication systems (Cervantes-Rivera
et al., 2011; Pappas and Cevallos, 2011). A 7.2 kb plasmid
with rolling circle replication was described in an E. meliloti
strain but small size plasmids are uncommon in rhizobia
Table 1
Size and percent of extrachromosomal genome in rhizobia and related strains with completely sequenced genomes.
Strain Genome size (Mb) Percent in extrachromosomal
replicons (%)
Rhizobium tropici CIAT 899 6.69 42.6
Rhizobium etli CFN 42 6.53 32.9
Rhizobium phaseoli CIAT 652 6.44 30.1
Rhizobium phaseoli Ch24-10 6.63 32.0
Rhizobium leguminosarum 3841 7.79 34.5
Rhizobium leguminosarum WSM1325 7.45 35.6
Rhizobium leguminosarum WSM2304 6.87 34.0
Rhizobium rhizogenes (Agrobacterium radiobacter) K84 7.31 44.7
Agrobacterium tumefaciens C58 5.65 50.0a
Agrobacterium vitis S4 6.31 41.0a
Ensifer meliloti (Sinorhizobium meliloti)1021 6.80 44.9
Ensifer sp. NGR234 (Sinorhizobium sp.) 6.90 43.0
Ensifer medicae WSM419 (Sinorhizobium medicae) 6.82 44.5
a Including the secondary chromosome that has ribosomal genes but an origin of replication typical of plasmids.
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(Sinorhizobium) are in the range of 45 kb to around 2.5 Mb.3. Rhizobial hypervariable genome is in
extrachromosomal elements
Chromosomes are more conserved than ER both at the
gene sequence and synteny levels (Guerrero et al., 2005).
Plasmid patterns are different even within a single rhizo-
bial species (Rosenblueth and Martínez Romero, 2004;
Wang et al., 1999). This is particularly evident among R. etli
and R. leguminosarum strains but less variability has been
observed in R. tropici, R. phaseoli or Ensifer plasmid proﬁles
(not shown). Plasmid pattern differences suggest that rhi-
zobia may thrive in different environments.
Plasmid gene content variation has been revealed from
genomic projects and mosaicism seems to be a common
characteristic of plasmids (Cervantes et al., 2011) and sym-
biotic plasmids (Freiberg et al., 1997; González et al.,
2003). Recombination was evidenced with a PCR approach
in Rhizobium etli plasmids (Flores et al., 2005). Plasmids
seem to be prone to pick up novel genes or to suffer dele-
tions. How are plasmids assembled or disassembled? Once
a successful plasmid is arranged it may be stably main-
tained even in distinct chromosomal backgrounds over
time (Crossman et al., 2008).
Duplicated copies from chromosomal genes have been
allocated to plasmids. In R. tropici and in R. leucaenae a
duplicated citrate synthase gene is found in the symbiotic
plasmid, conditioning nodulation (Pardo et al., 1994) and
differentially regulated from the chromosomal copy (Her-
nández-Lucas et al., 1995). Glucosamine synthase (nodM)
duplicated genes in plasmids (Marie et al., 1992), are
needed to provide additional substrates for Nod factor
production.
ER may integrate into chromosomes (Guo et al., 2003),
rearrange (Brom et al., 1991; Flores et al., 1988, 2000;
Soberón-Chávez et al., 1986; Zhang et al., 2001) or form
cointegrates with other plasmids (Brom et al., 2004; Cer-
vantes et al., 2011; Guo et al., 2003; Mavingui et al.,
2002). Fragments of plasmids may be ampliﬁed and in
some cases this leads to enhanced nodulation (Mavinguiet al., 1997, 1998; Romero et al., 1991; Romero et al.,
1995). Extrachromosomal location of genes is not universal
and ﬁxed in strains because some genes may be in chromo-
somes and in other cases in extrachromosomal elements
(Crossman et al., 2008 and Fig. 1). There are clues that indi-
cate that some plasmids may be chimeras resulting from
the fusion of different plasmids (Cervantes et al., 2011; Or-
meño-Orrillo et al., unpublished). Plasmid co-integrates
may excise correctly or incorrectly. Plasmids seem to be
more dynamic than chromosomes and equivalent genes
found among distinct ER in related species are evidence
of extensive plasmid rearrangements (Fig. 1, Fig. 6 in
Crossman et al., 2008).4. Instability and stability of extrachromosomal
elements
Plasmid instability has been known for a long time and
it has been recommended to avoid the practice of single
colony isolation when purifying rhizobia especially for
inoculant production as they may lose relevant plasmids
(Weaver andWright, 1987). Absence of symbiotic plasmids
is remarkable as rhizobial natural populations without
symbiotic plasmids lose their access to legume nodules,
however R. etli strains lacking Sym plasmids seem to be
very successful rhizospheric or endophytic colonizers
(López-López et al., 2010; Segovia et al., 1991). As plasmids
encode carbon assimilation genes, rhizobia may change
phenotype in one step when losing or gaining plasmids.
After R. etli CFN42 was resequenced to test Illumina
sequencing facilities at UNAM, it was evident that plasmid
pReCFN42a was lost in the cultured cells grown to extract
DNA (González and Lozano, personal communication)
while the original stock maintained the whole set of plas-
mids. Some rhizobial strains when subcultured in the lab
were prone to lose their plasmids (Weaver et al., 1990). A
Tn5 had to be inserted in CFN 23 symbiotic plasmid to ex-
ert a selective pressure to maintain the plasmid in this Rhi-
zobium strain (Soberón-Chávez and Nájera, 1989).
Instability has also been observed in Burkholderia strain
CCGE 1001 isolated in our laboratory from a nodule of aMi-
mosa afﬁnis plant grown in soils from Acayuca, Veracruz.
Fig. 1. Comparison using satsumasinteny of R. phaseoli Ch24-10 extrachromosomal replicons (ERs) to (A) R. etli CFN42, (B) R. phaseoli CIAT 652 and
(C) R. leguminosarum 3841 (RLEG) chromosomes and ERs.
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evidenced from the whole genome analysis (NCBI ID
640510). The original strain is still capable of nodulating
Phaseolus vulgaris and mimosa plants (unpublished). In an-
other case, whenwe analyzed the transcripts from R. phase-
oli strain Ch24-10 (see below) there were none
corresponding to a 370 kb plasmid (the smallest, non-sym-
biotic plasmid) that was revealed in the whole genome
analysis of the same strain (López-Guerrero et al., in press).
We supposed that the plasmid was lost upon subculturing
as the original stock has all plasmids. Our analysis of thepublished genome of R. phaseoli CNPAF512 (Fauvart et al.,
2011) revealed sequences corresponding to the 370 kb
plasmid from Ch24-10, however these were not found
(Fig. 1B) in the published genome of another R. phaseoli
strain, CIAT 652 (González et al., 2010). This shows that this
plasmid is not homogenously conserved among R. phaseoli
strains. It is worth mentioning that R. phaseoli CIAT652 is a
very efﬁcient P. vulgaris symbiont in spite of lacking this
plasmid.
ERmaintenance seems to be forcedwhen carrying genes
required for growth or survival. This is illustrated in R. etli
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or optimal growth in rich medium such as those encoding a
sensor histidine kinase/ response regulator hybrid protein
and a hypothetical protein with a winged helix-turn-helix
motif (Landeta et al., 2011) in addition to containing some
of the genes for cobalamin biosynthesis. Both genes encod-
ing the sensor histidine kinase/ response regulator hybrid
and the hypothetical protein with a winged helix-turn-he-
lix motif are found in R. leguminosarum sv. viciae 3841 (in
chromid PRL11) and in sv. trifolii strains 1325 and 2304
plasmids as well as in an R. phaseoli CIAT 652 plasmid
(pRp652a) that corresponds to pReCFN42e.
Toxin–antitoxin genes were discovered as plasmid stabi-
lizers (JensenandGerdes, 1995;OguraandHiraga, 1983) and
have been identiﬁed in many bacteria (Pandey and Gerdes,
2005;VanMelderenetal., 2009). Toxin–antitoxingeneshave
been found in the symbiotic plasmid of Ensifer sp. NGR234
(Falla and Chopra, 1999). Antitoxins are more unstable than
toxins so when the antitoxin is missing due to plasmid loss,
the toxin inhibits cell growth and leads to death (Jensen
and Gerdes, 1995). Bacterial genetic mechanisms to ensure
plasmidmaintenanceboth in symbionts andpathogenshave
been reviewed (Sengupta and Austin, 2011).5. Extrachromosomal replicons involved in plant–
rhizobium interactions
ERs in addition to the symbiotic plasmids have roles in
symbiosis with legumes (Hynes and McGregor, 1990). Cur-
ing of a cryptic plasmid in Ensifer (Sinorhizobium) meliloti
led to a more efﬁcient symbiosis in alfalfa (Velázquez
et al., 1995). In R. leguminosarum an exogenous RP4 plas-
mid decreased symbiotic effectiveness (O’Connell et al.,
1998). Enhanced nodulation competitiveness was recorded
in R. etli strains that gained an R. leucaenae (185 kb) plas-
mid (Martínez-Romero and Rosenblueth, 1990). A. tum-
efaciens transconjugants that in addition to carrying the
nod-nif plasmid had a 200 kb plasmid from R. leucaenae
ﬁxed more nitrogen than that with only the symbiotic
plasmid (Martínez et al., 1987).
Non symbiotic plasmids participate in rhizobial interac-
tions with plants (Brom et al., 2000; Chen et al., 2000;
Hynes and McGregor, 1990; Pappas and Cevallos, 2011).
Some R. leguminosarum strains capable of associating with
rice promoted its growth and alleviated N deﬁciencies
(Yanni et al., 1997), but others from clover inhibited rice
root growth. Rice inhibition or promotion is plasmid
dependent in R. leguminosarum (Perrine et al., 2001) and
in E. meliloti (Perrine et al., 2005). Derivatives of R. legumin-
osarum sv. trifolii W14–12 lacking two plasmids were un-
able to grow in soil (Moënne-Loccoz and Weaver, 1995a)
and different plasmids were found to contribute to growth
in the clover rhizosphere (Moënne-Loccoz and Weaver,
1995b) or in saprophytic life (Moënne-Loccoz et al.,
1995). The most competitive maize colonizing R. phaseoli
strains had the most common plasmid pattern observed
among many rhizospheric strains analyzed (Rosenblueth
and Martínez Romero, 2004). In R. leguminosarum sv. vi-
ciae, a plasmid contains several genes needed and ex-
pressed by bacterial cells when colonizing the pearhizosphere (Ramachandran et al., 2011). Similarly we
found that extrachromosomal genes were expressed in R.
phaseoli strain Ch24-10 (Rosenblueth and Martínez Romer-
o, 2004) associated with maize and P. vulgaris (common
bean) roots (see Section 7).6. Extrachromosomal genes associated with rhizobial
environmental adaptation
There is a functional bias in extrachromosomal genes,
the ERs tend to contain genes implicated in processes like
chemotaxis (Yost et al., 1998) and transport, and they are
enriched in elements of external origin (Crossman et al.,
2008). Some plasmids, megaplasmids or chromids encode
many carbon assimilation genes (Baldani et al., 1992; Ores-
nik et al., 1998); vitamins like biotin, thiamine or panto-
thenate (Finan et al., 1986; Miranda-Ríos et al., 1997;
Streit et al., 1996; Villaseñor et al., 2011), bacteriocin
(Oresnik et al., 1999; Venter et al., 2001), melanin (Hynes
et al., 1988) or autoinducer (Schripsema et al., 1996) bio-
synthetic pathways; and may encode chaperons and mod-
iﬁcation-restriction systems (Rochepeau et al., 1997).
Quorum sensing systems that regulate plasmid transfer
or expression of genes in plants may be plasmid encoded
in rhizobia (Cubo et al., 1992; Edwards et al., 2009; Lith-
gow et al., 2000). Reviews on gene functions of plasmids
(García-de los Santos and Brom, 1996; Mercado-Blanco
and Toro, 1996; Pappas and Cevallos, 2011) and of mega-
plasmids from Ensifer sp. NGR234 (Mavingui, 2009) and
E. meliloti (Barloy-Hubler and Jebbar, 2009) have been pub-
lished. Only some functions that we considered important
for plant niche colonization will be reviewed here.6.1. Transporters in ERs
Inmegaplasmid pSymA but especially in pSymB of Ensif-
er meliloti 1021 there are large numbers of transporters
(Mauchline et al., 2006) that may allow the bacteria to use
different soil nutrients or root exudates. They are inducible
by a large number of substrates (Mauchline et al., 2006).
Plasmids in R. etli, R. tropici, R. leucaenae and R. gallicum sv.
phaseoli carry teu genes that code for putative sugar ABC
transporters involved in the uptake of molecules found in
P. vulgaris and siratro exudates (Rosenblueth et al., 1998).
Four of six quaternary amine transporters thatwere charac-
terized are located in chromids pRL10 and pRL12 in R. legu-
minosarum 3841 (Fox et al., 2008).6.2. Catabolism
In E. meliloti putA genes (for proline catabolism) are in-
volved in rhizobial competitiveness (Van Dillewijn et al.,
2002), putA is in the chromosome in E. meliloti and in Ens-
ifer sp. NGR234. putA genes are in ER in R. etli, R. phaseoli
and R. leguminosarum.
Rhamnose catabolic genes are plasmid borne and
inducible (Oresnik et al., 1998). Transport and catabolism
of erythriol is plasmid dependent (Geddes et al., 2010; Yost
et al., 2006). R. leguminosarum mutants in glycerol catabo-
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and catabolism is plasmid encoded (Ding et al., 2012).
Calystegine catabolism genes are plasmid borne in E.
meliloti (Guntli et al., 1999; Tepfer et al., 1988). These
genes participate in bacterial competitive colonization of
non legume rhizozpheres such as those from morning
glory plants. Mimosine catabolism genes are also plasmid
borne (Borthakur et al., 2003). Opine uptake and catabo-
lism genes reside in the symbiotic megaplasmid a in E.
meliloti (Murphy et al., 1987). There are also opine catabo-
lizing plasmids in agrobacteria (Bruce et al., 1990).6.3. Surface polysaccharides
Different surface polysaccharides are needed in rhizo-
bial attachment to roots (Downie, 2010) and genes for their
biosynthesis are located in different bacterial replicons.
Some lipopolysaccharide (LPS) biosynthetic genes have
been found in R. etli plasmids (García-de los Santos and
Brom, 1997). Biosynthetic genes for exopolysaccharides re-
side in megaplasmid b in E. meliloti (Finan et al., 1986) and
also in megaplasmids of other rhizobia (Skorupska et al.,
2006). Megaplasmid a of Ensifer sp. NGR234 encodes ﬂavo-
noid-inducible genes required for the biosynthesis of a
rhamnose-rich LPS produced only inside nodules and that
is required for symbiosis (Broughton et al., 2006).6.4. Hormone biosynthesis and protein secretion
Upon inspection of reported genomes we found genes
that seem to be involved in gibberellin biosynthesis located
in the symbiotic plasmids of E. fredii HH103 and Ensifer sp.
NGR234, R. etli CFN42, R. phaseoli CIAT 652, R. tropici CIAT
899 and in the symbiosis islands of B. japonicum USDA 6,
Mesorhizobium loti R7A, andM. huakuiiMAFF303099. These
genes were originally described in Bradyrhizobium japoni-
cum USDA 110 (Morrone et al., 2009) and are not present
in the reported genomes of E. meliloti and R. leguminosarum
strains. Gibberellins have diverse effects on plants and its
balance in relation to auxins affects plant growth (Brian,
2008). Rhizobial mutants in these genes have not been
tested in their hosts. ACC deaminases that modulate ethyl-
ene levels are encoded in symbiosis islands in mesorhizobi-
al strains R7A and MAFF303099 (Conforte et al., 2010) and
in the symbiotic plasmid of R. tropici (Ormeño-Orrillo et al.,
unpublished). Genes for different auxin biosynthetic
pathways are plasmidic in NGR234 (Theunis et al., 2004)
and in R. tropici CIAT 899 and they are ﬂavonoid inducible
(Theunis et al., 2004; Ormeño-Orrillo et al., unpublished).
Rhizobia use different types of secretion systems (excel-
lently reviewed inDownie, 2010). Type III secretion systems
(T3SS) are found in several Rhizobium and Ensifer strains
(Marie et al., 2001), these genes are in the symbiotic plas-
mid in Ensifer sp. strain NGR234 andmutants in this system
have altered plant speciﬁcity. NGR234 T3SS genes are
inducible and expressed in the presence of ﬂavonoids (Vi-
prey et al., 1998). A T3SS cluster is also present in the phase-
oli symbiotic plasmid (González et al. 2006). Genes coding
for Type 1 and 5 secretion systems are found in megaplas-
mids in R. tropici (Ormeño-Orrillo et al., unpublished).6.5. Other functions
In R. etli, genes to tolerate polyphenols are plasmid
borne (García-de los Santos et al., 2008). The only R. etli
CFN42 catalase is located in a large ER (pReCFN42f) and
is required for bacterial survival in polyphenol rich med-
ium (García-de los Santos et al., 2008). The same replicon
carries nirK and norCB genes for nitrite reduction involved
in nitrite detoxiﬁcation but not in nitrite respiration
(Gómez-Hernández et al., 2011). Genes that encode efﬂux
pumps (inducible with bean exudates) that eliminate plant
toxic molecules or antibiotics are located in pReCFN42b
(184 kb) (González-Pasayo and Martínez-Romero, 2000).
The same replicon carries genes for thiamine biosynthesis
(Miranda-Ríos et al., 1997).
7. Transcriptional proﬁling of rhizobial ER in natural
niches such as the root environment
Are there rhizobial genomic islands or plasmids that are
preferentially expressed in the environment? Many stress
induced genes that could play a role in the environment
are extrachromosomal in R. etli CFN42 (Ramírez, unpub-
lished). Expression of symbiosis genes dependent on plant
hosts and the molecules and conditions required for gene
expression have been well studied and have been exten-
sively reviewed (Cooper, 2004; Le Strange et al., 1990;
Maj et al., 2010; Masson-Boivin et al., 2009). Rhizobial
genes expressed under stress (Vercruysse et al., 2011), in
presence of ﬂavonoids (Perret et al., 1999; Zhang and
Cheng, 2006) or in nodules have been reported (Barnett
et al., 2004; Chang et al., 2007; Karunakaran et al., 2009;
Tsukada et al., 2009) but less is known on genes expressed
in soil or in the rhizosphere. Mutations in the cin and rhi
quorum sensing systems affect rhizospheric growth (Cubo
et al., 1992; Edwards et al., 2009).
7.1. Rhizobium leguminosarum ER rhizospheric expression
A microarray based approach to study R. leguminosarum
gene expression in pea, alfalfa or sugar beet rhizospheres
showed that many of the genes preferentially expressed
in R. leguminosarum 3841 when inhabiting the pea rhizo-
sphere are encoded in the conjugative 147 kb plasmid
pRL8 (Ramachandran et al., 2011). From pRL8, 11 or 21
genes (depending on the threshold considered) were up
regulated in pea and only 3 or 2 in alfalfa or sugar beet rhi-
zospheres. Pea induced genes represented around 15% of
all genes on pRL8. In total 138 genes were speciﬁcally up
regulated in 7 day old pea plants and 106 genes were up
regulated in all rhizospheres, 70 of those were hypotheti-
cal. Among genes expressed were those encoding phenyla-
nine and tyrosine catabolism, dicarboxylate transport,
rhiABC, rhiI, cinI, protocatechuate and shikimate uptake,
xanthine, formate and other dehydrogenases, as well as
some nod genes (Ramachandran et al., 2011).
7.2. Rhizobium phaseoli ER rhizoplane expression
R. phaseoli Ch24-10 was chosen to study gene expression
in plant roots because it represents a group of dominant
M.G. López-Guerrero et al. / Plasmid 68 (2012) 149–158 155bacteria in maize rhizosphere (Rosenblueth and Martínez
Romero, 2004), is highly competitive to colonize maize and
rice and is a very efﬁcient bean symbiont. Bean and maize
plants have been grown in association in traditional agricul-
ture for some thousand years and rhizobial gene expression
was analyzed in both hosts independently. Upper value tails
of bacterial gene transcript distribution in a reported tran-
scriptomic analysis were found to correlate to RNApolymer-
ase occupancy meaning that transcription was occurring in
those genes (Vijayan et al., 2011) and, on that basis, highly
expressed genes in the Ch24-10 transcriptomic proﬁling
were selected. The 324 extrachromosomal genes highly ex-
pressed in maize and/or bean rootlets represented 22% of
pRpCh24-10b and 16% of pRpCh24-10d. pSym genes were
also expressed in the rhizosphere of maize and bean (repre-
senting 13% of the plasmid). Examples of ER genes that were
highly expressed in bothmaize and bean root samples (Sup-
plementary Table S1) are those responsible for proline catab-
olism, iron uptake, thiamine and gibberellin biosynthesis, a
type VI secretion system, oligopeptide or sugar transporters
and extrusion pumps as well as polygalacturonase, alpha
amylase and Deg protease genes. teu genes were not ex-
pressed in maize roots in agreement to previous results
showing that they are not induced by maize exudates
(Rosenblueth et al., 1998). A promoter-less gusA gene repor-
ter fused to the polygalacturonase gene was found to be ex-
pressed in maize and bean exudates (unpublished) and
antibiotic resistance promoter-less genes were found to be
expressed in plantswhen fused to the extrusion pump genes
rmrAB (González-Pasayo and Martínez-Romero, 2000) or to
Deg protease genes (unpublished); this additional evidence
is in agreement to the transcriptomic results presented. Fur-
thermore, a radioactive polygalacturonase probe was found
to hybridize to the 1 Mb Ch24-10 ER (not shown). Ortho-
logues to previously reported R. leguminosarum genes ex-
pressed in plant rhizospheres (Ramachandran et al., 2011)
were found to be highly expressed in R. phaseoli in maize
and bean roots (Supplementary Table S1). As in R. legumin-
osarum (Ramachandran et al., 2011), many R. phaseoli
Ch24-10 highly expressed genes were hypothetical, one of
them in common to R. leguminosarum.
A comparison of the Ch24-10 transcripts frommaize and
from bean roots suggested that replicons were differen-
tially expressed depending on the plant host colonized. ER
transcripts highly expressed in bean and not in maize roots
were found in the Ch24-10 symbiotic plasmid (11 out of 26
bean speciﬁc genes) and in a 400 kb ER (pRpCh24-10b with
equivalent genes to pReCFN42e), with 9 out of 26 speciﬁc
genes, while most of the transcripts highly expressed in
maize but not in bean (11 out of 14 maize speciﬁc genes)
were found in pRpCh24-10d, a 1 Mb replicon sharing genes
with R. etli pReCFN42f. No transcripts could be assigned to a
370 kb plasmid (pRpCh24-10a) as the strain used for the
transcriptomic analysis unfortunately lost this plasmid that
shares genes with pRL10 and pReCFN42c.8. Concluding remarks
There is still scarce knowledge of rhizobial genes that
are functional in nature, in soil, rhizospheric niches or com-plex microbial communities. Future studies may provide
more data to support that ERs, highly dynamic and variable,
determine or condition ﬁtness or survival of rhizobia in the
environment. Our data extend the knowledge of root-ex-
pressed genes in Rhizobium and allowed the identiﬁcation
of some extrachromosomal genes commonly expressed in
association with plants such as those for thiamine biosyn-
thesis, oligopeptide, proline betaine, a-galactosidase and
other ABC transporters, a-N-arabinofuranosidase, rmrA
(González-Pasayo and Martínez-Romero, 2000) and nod
genes.
Acknowledgements
To PAPIIT (UNAM) grants IN200709 and IN205412.
Martha López-Guerrero was a Ph.D. student at the Progra-
ma de Doctorado en Ciencias Biomédicas and had a Conse-
jo Nacional de Ciencia y Tecnología (CONACyT) fellowship.
Illumina Sequencing was performed at the Unidad Uni-
versitaria de Secuenciación Masiva de DNA (USMDNA) of
Universidad Nacional Autónoma de México (UNAM). To
Dr. M. Dunn for critically reading the ms.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.plasmid.2012.07.002.
References
Amadou, C., Pascal, G., Mangenot, S., Glew, M., Bontemps, C., et al., 2008.
Genome sequence of the beta-Rhizobium Cupriavidus taiwanensis and
comparative genomics of rhizobia. Genome Res. 18, 1472–1483.
Baldani, J.I., Weaver, R.W., Hynes, M.F., Eardly, B.D., 1992. Utilization of
carbon substrates, electrophoretic enzyme patterns, and symbiotic
performance of plasmid-cured clover rhizobia. Appl. Environ.
Microbiol. 58, 2308–2314.
Bánfalvi, Z., Sakanyan, V., Koncz, C., Kiss, A., Dusha, I., et al., 1981. Location
of nodulation and nitrogen ﬁxation genes on a high molecular weight
plasmid of R. meliloti. Mol. Gen. Genet. 184, 318–325.
Barloy-Hubler, F., Jebbar, J., 2009. Sinorhizobium meliloti megaplasmids
and symbiosis in S. meliloti. In: Schwartz, E. (Ed.), Microbiology
Monographs, vol. 11. Microbial Megaplasmids, Münster, Germany, p.
91.
Barnett, M.J., Toman, C.J., Fisher, R.F., Long, S.R., 2004. A dual-genome
symbiosis chip for coordinate study of signal exchange and
development in a prokaryote–host interaction. Proc. Natl. Acad. Sci.
USA 101, 16636–16641.
Barran, L.R., Ritchot, N., Bromﬁeld, E.S.P., 2001. Sinorhizobium meliloti
plasmid pRm1132f replicates by a rolling-circle mechanism. J.
Bacteriol. 183, 2704–2708.
Borthakur, D., Soedarjo, M., Fox, P.M., Webb, D.T., 2003. The mid genes of
Rhizobium sp. strain TAL1145 are required for degradation of
mimosine into 3-hydroxy-4-pyridone and are inducible by
mimosine. Microbiology 149, 537–546.
Brian, P.W., 2008. Effects of gibberellins on plant growth and
development. Biol. Rev. 83, 37–77.
Brom, S., García-De los Santos, A., Cervantes, L., Palacios, R., Romero, D.,
2000. In Rhizobium etli symbiotic plasmid transfer, nodulation
competitivity and cellular growth require interaction among
different replicons. Plasmid 44, 34–43.
Brom, S., García de los Santos, A.G., Girard, M.L., Dávila, G., Palacios, R.,
et al., 1991. High-frequency rearrangements in Rhizobium
leguminosarum bv. phaseoli plasmids. J. Bacteriol. 173, 1344–1346.
Brom, S., García de los Santos, A.G., Stepkowsky, T., Flores, M., Dávila, G.,
et al., 1992. Different plasmids of Rhizobium leguminosarum bv.
phaseoli are required for optimal symbiotic performance. J. Bacteriol.
174, 5183–5189.
156 M.G. López-Guerrero et al. / Plasmid 68 (2012) 149–158Brom, S., Girard, L., Tun-Garrido, C., García-de los Santos, A., 2004.
Transfer of the symbiotic plasmid of Rhizobium etli CFN42 requires
cointegration with p42a, which may be mediated by site-speciﬁc
recombination. J. Bacteriol. 186, 7538–7548.
Broughton, W.J., Hanin, M., Relic´, B., Kopciñska, J., Golinowski, W., Simsek,
S., Ojanen-Reuhs, T., Reuhs, B., Marie, C., Kobayashi, H., Bordogna, B.,
Le Quéré, A., Jabbouri, S., Fellay, R., Perret, X., Deakin, W.J., 2006.
Flavonoid-inducible modiﬁcations to rhamnan O antigens are
necessary for Rhizobium sp. strain NGR234-legume symbioses. J.
Bacteriol. 188, 3654–3663.
Bruce, G.C., Kerr, A., Jones, D.A., 1990. Characteristics of the nopaline
catabolic plasmid in Agrobacterium strains K84 and K1026 used for
biological control of crown gall disease. Plasmid 23, 126–137.
Cervantes, L., Bustos, P., Girard, L., Santamaría, R.I., Dávila, G., et al., 2011.
The conjugative plasmid of a bean-nodulating Sinorhizobium fredii
strain is assembled from sequences of two Rhizobium plasmids and
the chromosome of a Sinorhizobium strain. BMC Microbiol. 11, 149.
Cervantes-Rivera, R., Pedraza-López, F., Pérez-Segura, G., Cevallos, M.A.,
2011. The replication origin of a repABC plasmid. BMC Microbiol. 11,
158.
Chaintreuil, C., Giraud, E., Prin, Y., Lorquin, J., Ba, A., et al., 2000.
Photosynthetic bradyrhizobia are natural endophytes of the African
wild rice Oryza breviligulata. Appl. Environ. Microbiol. 66, 5437–5447.
Chang, W.S., Franck, W.L., Cytryn, E., Jeong, S., Joshi, T., Emerich, D.W.,
Sadowsky, M.J., Xu, D., Stacey, G., 2007. An oligonucleotide microarray
resource for transcriptional proﬁling of Bradyrhizobium japonicum.
Mol. Plant Microbe Interact. 20, 298–307.
Chen, H., Higgins, J., Oresnik, I.J., Hynes, M.F., Natera, S., Djordjevic, M.A.,
Weinman, J.J., Rolfe, B.G., 2000. Proteome analysis demonstrates
complex replicon and luteolin interactions in pSyma-cured
derivatives of Sinorhizobium meliloti strain 2011. Electrophoresis 21,
3833–3842.
Conforte, V.P., Echeverria, M., Sánchez, C., Ugalde, R.A., Menéndez, A.B.,
Lepek, V.C., 2010. Engineered ACC deaminase-expressing free-living
cells of Mesorhizobium loti show increased nodulation efﬁciency and
competitiveness on Lotus spp. J. Gen. Appl. Microbiol. 56, 331–338.
Cooper, J., 2004. Multiple responses of rhizobia to ﬂavonoids during
legume root infection. Adv. Bot. Res. 41, 1–62.
Crossman, L.C., Castillo-Ramírez, S., McAnnula, C., Lozano, L., Vernikos,
G.S., et al., 2008. A common genomic framework for a diverse
assembly of plasmids in the symbiotic nitrogen ﬁxing bacteria. PloS
One 3, e2567.
Cubo, M.T., Economou, A., Murphy, G., Johnston, A.W., Downie, J.A., 1992.
Molecular characterization and regulation of the rhizosphere-
expressed genes rhiABCR that can inﬂuence nodulation by
Rhizobium leguminosarum biovar viciae. J. Bacteriol. 174, 4026–4035.
Cytryn, E.J., Jitacksorn, S., Giraud, E., Sadowsky, M.J., 2008. Insights
learned from pBTAi1, a 229-kb accessory plasmid from
Bradyrhizobium sp. strain BTAi1 and prevalence of accessory
plasmids in other Bradyrhizobium sp. strains. ISME J. 2, 158–170.
Ding, H., Yip, C.B., Geddes, B.A., Oresnik, I.J., Hynes, M.F., 2012. Glycerol
utilization by Rhizobium leguminosarum requires an ABC transporter
and affects competition for nodulation. Microbiology. http://
dx.doi.org/10.1099/mic.0.057281-0.
Downie, J.A., 2010. The roles of extracellular proteins, polysaccharides
and signals in the interactions of rhizobia with legume roots. FEMS
Microbiol. Rev. 34, 150–170.
Eckhardt, T., 1978. A rapid method for the identiﬁcation of plasmid
desoxyribonucleic acid in bacteria. Plasmid 1, 584–588.
Edwards, A., Frederix, M., Wisniewski-Dyé, F., Jones, J., Zorreguieta, A.,
Downie, J.A., 2009. The cin and rai quorum-sensing regulatory
systems in Rhizobium leguminosarum are coordinated by ExpR and
CinS, a small regulatory protein coexpressed with CinI. J. Bacteriol.
191, 3059–3067.
Falla, T.J., Chopra, I., 1999. Stabilization of Rhizobium symbiosis plasmids.
Microbiology 145, 515–516.
Fauvart, M., Sánchez-Rodríguez, A., Beullens, S., Marchal, K., Michiels, J.,
2011. Genome sequence of Rhizobium etli CNPAF512, a nitrogen-
ﬁxing symbiont isolated from bean root nodules in Brazil. J. Bacteriol.
193, 3158–3159.
Finan, T.M., Kunkel, B., de Vos, G.F., Signer, E.R., 1986. Second symbiotic
megaplasmid in Rhizobium meliloti carrying exopolysaccharide and
thiamine synthesis genes. J. Bacteriol. 167, 66–72.
Flores, M., González, V., Pardo, M.A., Leija, A., Martínez, E., et al., 1988.
Genomic instability in Rhizobium phaseoli. J. Bacteriol. 170, 1191–
1196.
Flores, M., Mavingui, P., Perret, X., Broughton, W.J., Romero, D., et al., 2000.
Prediction, identiﬁcation, and artiﬁcial selection of DNArearrangements in Rhizobium: toward a natural genomic design.
Proc. Natl. Acad. Sci. USA 97, 9138–9143.
Flores, M., Morales, L., Ávila, A., González, V., Bustos, P., et al., 2005.
Diversiﬁcation of DNA sequences in the symbiotic genome of
Rhizobium etli. J. Bacteriol. 187, 7185–7192.
Fox, M.A., Karunakaran, R., Leonard, M.E., Mouhsine, B., Williams, A., East,
A.K., Downie, J.A., Poole, P.S., 2008. Characterization of the quaternary
amine transporters of Rhizobium leguminosarum bv. viciae 3841. FEMS
Microbiol. Lett. 287, 212–220.
Freiberg, C., Fellay, R., Bairoch, A., Broughton, W.J., Rosenthal, A., et al.,
1997. Molecular basis of symbiosis between Rhizobium and legumes.
Nature 387, 394–401.
García-de los Santos, A., Brom, S., 1997. Characterization of two plasmid-
borne lps b loci of Rhizobium etli required for lipopolysaccharide
synthesis and for optimal interaction with plants. Mol. Plant-Microbe
Interact. 10, 891–902.
García-de los Santos, A., Brom, S., Romero, D., 1996. Rhizobium plasmids
in bacteria–legume interactions. World J. Microbiol. Biotechnol. 12,
119–125.
García-de los Santos, A., López, E., Cubillas, C.A., Noel, K.D., Brom, S., et al.,
2008. Requirement of a plasmid-encoded catalase for survival of
Rhizobium etli CFN42 in a polyphenol-rich environment. Appl.
Environ. Microbiol. 74, 2398–2403.
Geddes, B.A., Pickering, B.S., Poysti, N.J., Collins, H., Yudistira, H., et al.,
2010. A locus necessary for the transport and catabolism of erythritol
in Sinorhizobium meliloti. Microbiology 156, 2970–2981.
Gómez-Hernández, N., Reyes-González, A., Sánchez, C., Mora, Y., Delgado,
M.J., Girard, L., 2011. Regulation and symbiotic role of nirK and norC
expression in Rhizobium etli. Mol. Plant-Microbe Interact. 24, 233–245.
González, V., Acosta, J.L., Santamaría, R.I., Bustos, P., Fernández, J.L., et al.,
2010. Conserved symbiotic plasmid DNA sequences in the
multireplicon pangenomic structure of Rhizobium etli. Appl. Environ.
Microbiol. 76, 1604–1614.
González, V., Bustos, P., Ramírez-Romero, M.A., Medrano-Soto, A., Salgado,
H., et al., 2003. The mosaic structure of the symbiotic plasmid of
Rhizobium etli CFN42 and its relation to other symbiotic genome
compartments. Genome Biol. 4, R36.
González, V., Santamaría, R.I., Bustos, P., Hernández-González, I.,
Medrano-Soto, A., Moreno-Hagelsieb, G., Janga, S.C., Ramírez, M.A.,
Jiménez-Jacinto, V., Collado-Vides, J., Dávila, G., 2006. The partitioned
Rhizobium etli genome: genetic and metabolic redundancy in seven
interacting replicons. Proc. Natl. Acad. Sci. USA 103, 3834–3839.
González-Pasayo, R., Martínez-Romero, E., 2000. Multiresistance genes of
Rhizobium etli CFN42. Mol. Plant-Microbe Interact. 13, 572–577.
Guerrero, G., Peralta, H., Aguilar, A., Díaz, R., Villalobos, M.A., et al., 2005.
Evolutionary, structural and functional relationships revealed by
comparative analysis of syntenic genes in Rhizobiales. BMC Evol. Biol.
5, 55.
Guntli, D., Heeb, M., Moenne-Loccoz, Y., Defago, G., 1999. Contribution of
calystegine catabolic plasmid to competitive colonization of the
rhizosphere of calystegine-producing plants by Sinorhizobium meliloti
Rm41. Mol. Ecol. 8, 855–863.
Guo, X., Flores, M., Mavingui, P., Fuentes, S.I., Hernández, G., et al., 2003.
Natural genomic design in Sinorhizobium meliloti: novel genomic
architectures. Genome Res. 13, 1810–1817.
Gutiérrez-Zamora, M.L., Martínez-Romero, E., 2001. Natural endophytic
association between Rhizobium etli and maize (Zea mays L.). J.
Biotechnol. 91, 117–126.
Hahn, M., Hennecke, H., 1987. Mapping of a Bradyrhizobium japonicum
DNA region carrying genes for symbiosis and an asymmetric
accumulation of reiterated sequences. Appl. Environ. Microbiol. 53,
2247–2252.
Harrison, P.W., Lower, R.P.J., Kim, N.K.D., Young, J.P.W., 2010. Introducing
the bacterial chromid: not a chromosome, not a plasmid. Trends
Microbiol. 18, 141–148.
Haugland, R., Verma, D.P.S., 1981. Interspeciﬁc plasmid and genomic DNA
sequence homologies and localisation of nif-genes in effective and
ineffective strains of Rhizobium japonicum. J. Mol. Appl. Genet. 1, 205–
217.
Hernández-Lucas, I., Pardo, M.A., Segovia, L., Miranda, J., Martínez-
Romero, E., 1995. Rhizobium tropici chromosomal citrate synthase
gene. Appl. Environ. Microbiol. 61, 3992–3997.
Hirsch, P.R., Van Montagu, M., Johnston, A.W.B., Brewin, N.J., Schell, J.,
1980. Physical identiﬁcation of bacteriocinogenic, nodulation and
other plasmids in strains of Rhizobium leguminosarum. J. Gen.
Microbiol. 120, 403–412.
Hooykaas, P.J., Snijdewint, F.G., Schilperoort, R.A., 1982. Identiﬁcation of
the Sym plasmid of Rhizobium leguminosarum strain 1001 and its
M.G. López-Guerrero et al. / Plasmid 68 (2012) 149–158 157transfer to and expression in other rhizobia and Agrobacterium
tumefaciens. Plasmid 8, 73–82.
Hynes, M.F., Brucksch, K., Priefer, U., 1988. Melanin production encoded
by a cryptic plasmid in a Rhizobium leguminosarum strain. Arch.
Microbiol. 150, 326–332.
Hynes, M.F., McGregor, N.F., 1990. Two plasmids other than the
nodulation plasmid are necessary for formation of nitrogen-ﬁxing
nodules by Rhizobium leguminosarum. Mol. Microbiol. 4, 567–574.
Jensen, R.B., Gerdes, K., 1995. Programmed cell death in bacteria: proteic
plasmid stabilization systems. Mol. Microbiol. 17, 205–210.
Johnston, A.W.B., Beynon, J.L., Buchanan-Wollaston, A.V., Setchell, S.M.,
Hirsch, P.R., Beringer, J.E., et al., 1978. High frequency transfer of
nodulating ability between strains and species of Rhizobium. Nature
276, 634–636.
Karunakaran, R., Ramachandran, V.K., Seaman, J.C., East, A.K., Mouhsine,
B., et al., 2009. Transcriptomic analysis of Rhizobium leguminosarum
biovar viciae in symbiosis with host plants Pisum sativum and Vicia
cracca. J. Bacteriol. 191, 4002–4014.
Landeta, C., Dávalos, A., Cevallos, M.A., Geiger, O., Brom, S., et al., 2011.
Plasmids with a chromosome-like role in rhizobia. J. Bacteriol. 193,
1317–1323.
Lee, K.B., De Backer, P., Aono, T., Liu, C.T., Suzuki, S., et al., 2008. The
genome of the versatile nitrogen ﬁxer Azorhizobium caulinodans
ORS571. BMC Genomics 9, 271.
Le Strange, K.K., Bender, G.L., Djordjevic, M.A., Rolfe, B.G., Redmond, J.W.,
1990. The Rhizobium strain NGR234 nodDI gene product responds to
activation by the simple phenolic compounds vanillin and isovanillin
present in wheat seedling extracts. Mol. Plant-Microbe Interact. 3,
214–220.
Lithgow, J.K., Wilkinson, A., Hardman, A., Rodelas, B., Wisniewski-Dyé, F.,
Williams, P., Downie, J.A., 2000. The regulatory locus cinRI in
Rhizobium leguminosarum controls a network of quorum-sensing
loci. Mol. Microbiol. 37, 81–97.
López-López, A., Rogel, M.A., Ormeño-Orrillo, E., Martínez-Romero, J.,
Martínez-Romero, E., 2010. Phaseolus vulgaris seed-borne endophytic
community with novel bacterial species such as Rhizobium
endophyticum sp. nov. Syst. Appl. Microbiol. 33, 322–327.
López-Guerrero,M.G., Ormeño-Orrillo, E., Velázquez, E., Rogel,M.A., Acosta,
J.L., Gónzalez, V.,Martínez, J., Martínez-Romero, E., 2012. Rhizobium etli
taxonomy revised with novel genomic data and analyses. Syst. Appl.
Microbiol. In Press. Available online 1 August 2012.
Maj, D., Wielbo, J., Marek-Kozaczuk, M., Skorupska, A., 2010. Response to
ﬂavonoids as a factor inﬂuencing competitiveness and symbiotic
activity of Rhizobium leguminosarum. Microbiol. Res. 165, 50–60.
Marie, C., Barny,M.-A., Downie, J.A., 1992.Rhizobium leguminosarumhas two
glucosamine synthases, GlmS and NodM, required for nodulation and
development of nitrogen-ﬁxing nodules. Mol. Microbiol. 6, 843–851.
Marie, C., Broughton, W.J., Deakin, W.J., 2001. Rhizobium type III secretion
systems: legume charmers or alarmers? Curr. Opinion Plant Biol. 4,
336–342.
Martínez, E., Palacios, R., Sánchez, F., 1987. Nitrogen-ﬁxing nodules
induced by Agrobacterium tumefaciens harboring Rhizobium phaseoli
plasmids. J. Bacteriol. 169, 2828–2834.
Martínez-Romero, E., Rosenblueth, M., 1990. Increased bean (Phaseolus
vulgaris L.) nodulation competitiveness of genetically modiﬁed
Rhizobium strains. Appl. Environ. Microbiol. 56, 2384–2388.
Masson-Boivin, C., Giraud, E., Perret, X., Batut, J., 2009. Establishing
nitrogen-ﬁxing symbiosis with legumes: how many rhizobium
recipes? Trends Microbiol. 17, 458–466.
Mauchline, T.H., Fowler, J.E., East, A.K., Sartor, A.L., Zaheer, R., et al., 2006.
Mapping the Sinorhizobium meliloti 1021 solute-binding protein-
dependent transportome. Proc. Natl. Acad. Sci. USA 103, 17933–
17938.
Mavingui, P., 2009. The megaplasmid pNGR234a of Rhizobium sp. strain
NGR234. In: Schwartz, E. (Ed.), Microbiology Monographs, vol. 11.
Microbial Megaplasmids, Münster, Germany, pp. 119–132.
Mavingui, P., Flores, M., Guo, X., Davila, G., Perret, X., et al., 2002.
Dynamics of genome architecture in Rhizobium sp. strain NGR234. J.
Bacteriol. 184, 171–176.
Mavingui, P., Flores, M., Romero, D., Martínez-Romero, E., Palacios, R.,
1997. Generation of Rhizobium strains with improved symbiotic
properties by random DNA ampliﬁcation (RDA). Nat. Biotechnol. 15,
564–569.
Mavingui, P., Laeremans, T., Flores, M., Romero, D., Martínez-Romero, E.,
et al., 1998. Genes essential for Nod factor production and nodulation
are located on a symbiotic amplicon (AMPRtrCFN299pc60) in
Rhizobium tropici. J. Bacteriol. 180, 2866–2874.
Mercado-Blanco, J., Toro, N., 1996. Plasmids in rhizobia: the role of
nonsymbiotic plasmids. Mol. Plant-Microbe Interact. 9, 535–545.Miranda-Ríos, J., Morera, C., Taboada, H., Dávalos, A., Encarnación, S., et al.,
1997. Expression of thiamin biosynthetic genes (thiCOGE) and
production of symbiotic terminal oxidase cbb sub(3) in Rhizobium
etli. J. Bacteriol. 179, 6887–6893.
Moënne-Loccoz, Y., Weaver, R.W., 1995a. Plasmids and saprophytic
growth of Rhizobium leguminosarum bv. trifolii W14–2 in soil. FEMS
Microbiol. Ecol. 18, 139–144.
Moënne-Loccoz, Y., Weaver, R.W., 1995b. Plasmids inﬂuence growth of
rhizobia in the rhizosphere of clover. Soil Biol. Biochem. 27, 1001–
1004.
Moënne-Loccoz, Y., Baldani, J.I., Weaver, R.W., 1995. Sequential heat-
curing of Tn5-Mob-sac labelled plasmids from Rhizobium to obtain
derivatives with various combinations of plasmids and no plasmid.
Lett. Appl. Microbiol. 20, 175–179.
Morrone, D., Chambers, J., Lowry, L., Kim, G., Anterola, A., Bender, K.,
Peters, R.J., 2009. Gibberellin biosynthesis in bacteria: Separate ent-
copalyl diphosphate and ent-kaurene synthases in Bradyrhizobium
japonicum. FEBS Lett. 583, 475–480.
Murphy, P.J., Heycke, N., Banfalvi, Z., Tate, M.E., de Bruijn, F., Kondorosi, A.,
Tempé, J., Schell, J., 1987. Genes for the catabolism and synthesis of an
opine-like compound in Rhizobium meliloti are closely linked and on
the Sym plasmid. Proc. Natl. Acad. Sci. USA 84, 493–497.
Nuti, M.P., Ledeboera, M., Lepidi, A.A., Schilperoorrt, A., 1977. Large
plasmids in different Rhizobium species. J. Gen. Microbiol. 100, 241–
248.
Nuti, M.P., Lepidi, A.A., Prakash, R.K., Schilperoort, R.A., Cannon, F.C., 1979.
Evidence for nitrogen ﬁxation (nif) genes on indigenous Rhizobium
plasmids. Nature 282, 533–535.
O’Connell, M., Noel, T.C., Yeung, E.C., Hynes, M., Hynes, M.F., 1998.
Decreased symbiotic effectiveness of Rhizobium leguminosarum
strains carrying plasmid RP4. FEMS Microbiol. Lett. 161, 275–283.
Ogura, T., Hiraga, S., 1983. Mini-F plasmid genes that couple host cell
division to plasmid proliferation. Proc. Natl. Acad. Sci. USA 80, 4784–
4788.
Oldroyd, G.E., Murray, J.D., Poole, P.S., Downie, J.A., 2011. The rules of
engagement in the legume-rhizobial symbiosis. Ann. Rev. Genet. 45,
119–144.
Oresnik, I.J., Pacarynuk, L.A., O’Brien, Sh.A.P., Yost, Ch.K., Hynes, M.F.,
1998. Plasmid-encoded catabolic genes in Rhizobium leguminosarum
bv. trifolii: evidence for a plant-inducible rhamnose locus involved in
competition for nodulation. Mol. Plant-Microbe Interact. 11, 1175–
1185.
Oresnik, I.J., Twelker, S., Hynes, M.F., 1999. Cloning and characterization of
a Rhizobium leguminosarum gene encoding a bacteriocin with
similarities to RTX toxins. Appl. Environ. Microbiol. 65, 2833–2840.
Ormeño-Orrillo, E., Hungria, M., Martinez-Romero, E., in press.
Dinitrogen-ﬁxing prokaryotes. In: Rosenberg, E., DeLong, E.F.,
Stackebrandt, E., Lory, S., Thompson, F. (Eds.), The Prokaryotes vol.
1: Symbiotic Associations, Biotechnology, Applied Microbiology. 4th
ed. ISBN 978-3-642-30194-0, Springer.
Pandey, D.P., Gerdes, K., 2005. Toxin-antitoxin loci are highly abundant in
free-living but lost from host-associated prokaryotes. Nucleic Acids
Res. 33, 966–976.
Pappas, Cevallos, M.A., 2011. Plasmids of the Rhizobiaceae and their role
in interbacterial and transkingdom interactions. In: Witzany, G. (Ed.),
Soil Biology. Biocommunication in Soil Microorganisms, Austria.
Pardo, M.A., Lagúnez, J., Miranda, J., Martínez, E., 1994. Nodulating ability
of Rhizobium tropici is conditioned by a plasmid- encoded citrate
synthase. Mol. Microbiol. 11, 315–321.
Peix, A., Velázquez, E., Silva, L.R., Mateos, P.F., 2010. Key molecules
involved in beneﬁcial infection process in rhizobia–legume symbiosis.
In: Khan, M.H., Zaidi, A., Musarrat, J. (Eds.), Microbes for Legume
Improvement. Springer, Wien, pp. 55–80.
Pérez-Ramírez, N.O., Rogel, M.A., Wang, E., Castellanos, J.Z., Martínez-
Romero, E., 1998. Seeds of Phaseolus vulgaris bean carry Rhizobium etli.
FEMS Microbiol. Ecol. 26, 289–296.
Perret, X., Freiberg, C., Rosenthal, A., Broughton, W.J., Fellay, R., 1999.
High-resolution transcriptional analysis of the symbiotic plasmid of
Rhizobium sp. NGR234. Mol. Microbiol. 32, 415–425.
Perrine, F.M., Hocart, C.H., Hynes, M.F., Rolfe, B.G., 2005. Plasmid-
associated genes in the model micro-symbiont Sinorhizobium
meliloti 1021 affect the growth and development of young rice
seedlings. Environ. Microbiol. 7, 1826–1838.
Perrine, F.M., Prayitno, J., Weinman, J.J., Dazzo, F.B., Rolfe, B.G., 2001.
Rhizobium plasmids are involved in the inhibition or stimulation of
rice growth and development. Aust. J. Plant Physiol. 28,
923–937.
Ramachandran, V.K., East, A.K., Karunakaran, R., Downie, J.A., Poole, P.S.,
2011. Adaptation of Rhizobium leguminosarum to pea, alfalfa and
158 M.G. López-Guerrero et al. / Plasmid 68 (2012) 149–158sugar beet rhizospheres investigated by comparative transcriptomics.
Genome Biol. 12, R106.
Reiter, B., Buergmann, H., Burg, K., Sessitsch, A., 2003. Endophytic nifH
gene diversity in African sweet potato. Can. J. Microbiol. 49, 549–555.
Rochepeau, P., Selinger, L.B., Hynes, M.F., 1997. Transposon-like structure
of a new plasmid-encoded restriction-modiﬁcation system in
Rhizobium leguminosarum VF39SM. Mol. Gen. Genet. 256, 387–396.
Rogel, M.A., Ormeño-Orrillo, E., Martínez Romero, E., 2011. Symbiovars in
rhizobia reﬂect bacterial adaptation to legumes. Syst. Appl. Microbiol.
34, 96–104.
Romero, D., Brom, S., 2004. The symbiotic plasmids of the Rhizobiaceae:
Chapter 12 in Plasmid Biology. In: Funnell, B.E., Phillips, G.J. (Eds.),
ASM Press, Washington, pp. 271–290.
Romero, D., Brom, S., Martínez-Salazar, J., De, L., Girard, M., Palacios, R.,
et al., 1991. Ampliﬁcation and deletion of a nod-nif region in the
symbiotic plasmid of Rhizobium phaseoli. J. Bacteriol. 173, 2435–2441.
Romero, D., Martínez-Salazar, J., Girard, L., Brom, S., Dávila, G., et al., 1995.
Discrete ampliﬁable regions (amplicons) in the symbiotic plasmid of
Rhizobium etli CFN42. J. Bacteriol. 177, 973–980.
Rosenberg, C., Casse-Delbart, F., Dusha, I., David, M., Boucher, C., et al.,
1982. Megaplasmids in the plant-associated bacteria Rhizobium
meliloti and Pseudomonas solanacearum. J. Bacteriol. 150, 402–406.
Rosenblueth, M., Hynes, M.F., Martínez-Romero, E., 1998. Rhizobium
tropici teu genes involved in speciﬁc uptake of Phaseolus vulgaris
bean-exudate compounds. Mol. Gen. Genet. 258, 587–598.
Rosenblueth, M., Martínez Romero, E., 2004. Rhizobium etli maize
populations and their competitiveness for root colonization. Arch.
Microbiol. 181, 337–344.
Schripsema, J., De Rudder, K.E.E., Van Vliet, T.B., Lankhorst, P.P., De Vroom,
E., et al., 1996. Bacteriocin small of Rhizobium leguminosarum belongs
to the class of N-acyl-L-homoserine lactone molecules, known as
autoinducers and as quorum sensing co-transcription factors. J.
Bacteriol. 178, 366–371.
Sengupta, M., Austin, S., 2011. Prevalence and signiﬁcance of plasmid
maintenance functions in the virulence plasmids of pathogenic
bacteria. Infect. Immun. 79, 2502–2509.
Segovia, L., Piñero, D., Palacios, R., Martínez-Romero, E., 1991. Genetic
structure of a soil population of nonsymbiotic Rhizobium
leguminosarum. Appl. Environ. Microbiol. 57, 426–433.
Skorupska, A., Janczarek, M., Marczak, M., Mazur, A., Krol, J., 2006.
Rhizobial exopolysaccharides: genetic control and symbiotic
functions. Microbial Cell Factories 5, 7.
Slater, S.C., Goldman, B.S., Goodner, B., Setubal, J.C., Farrand, S.K., et al.,
2009. Genome sequences of three Agrobacterium biovars help
elucidate the evolution of multichromosome genomes in bacteria. J.
Bacteriol. 191, 2501–2511.
Soberón-Chávez, G., Nájera, R., 1989. Isolation from soil of Rhizobium
leguminosarum lacking symbiotic information. Can. J. Microbiol. 35,
464–468.
Soberón-Chávez, G., Nájera, R., Olivera, H., Segovia, L., 1986. Genetic
rearrangements of a Rhizobium phaseoli symbiotic plasmid. J.
Bacteriol. 167, 487–491.
Streit, W.R., Joseph, C.M., Phillips, D.A., 1996. Biotin and other water-
soluble vitamins are key growth factors for alfalfa root colonization
by Rhizobium meliloti 1021. Mol. Plant-Microbe Interact. 9, 330–338.
Sutton, W.D., 1974. Some features of the DNA of Rhizobium bacteroids and
bacteria. Biochim. Biophys. Acta 336, 1–10.
Suzuki, T., Tanaka, K., Yamamoto, S., Kiyokawa, K., Moriguchi, K., Yoshida,
K., 2009. Ti and Ri plasmids. In: Schwartz, E. (Ed.), Microbiology
Monographs, vol. 11. Microbial Megaplasmids, Münster, Germany, p.
133.
Tepfer, D., Goldmann, A., Pamboukdjian, N., Maille, M., Lepingle, A., et al.,
1988. A plasmid of Rhizobium meliloti 41 encodes catabolism of two
compounds from root exudate of Calystegium sepium. J. Bacteriol. 170,
1153–1161.
Theunis, M., Kobayashi, H., Broughton, W.J., Prinsen, E., 2004. Flavonoids,
NodD1, NodD2, and nod-box NB15 modulate expression of the
y4wEFG locus that is required for indole-3-acetic acid synthesis in
Rhizobium sp. strain NGR234. Mol. Plant-Microbe Interact. 17, 1153–
1161.Tshitinge, G., Luyindula, N., Lurquin, P.F., Ledoux, L., 1975. Plasmid DNA in
Rhizobium vigna and Rhizobium trifolii. Biochim. Biophys. Acta 414,
357–361.
Tsukada, S., Aono, T., Akiba, N., Lee, K.-B., Liu, C.-T., et al., 2009.
Comparative genome-wide transcriptional proﬁling of Azorhizobium
caulinodans ORS571 grown under free-living and symbiotic
conditions. Appl. Environ. Microbiol. 75, 5037–5046.
Van Dillewijn, P., Villadas, P.J., Toro, N., 2002. Effect of a Sinorhizobium
meliloti strain with a modiﬁed putA gene on the rhizosphere microbial
community of alfalfa. Appl. Environ. Microbiol. 68, 4201–4208.
Van Melderen, L., Saavedra De Bast, M., Rosenberg, S.M., 2009. Bacterial
toxin–antitoxin systems: more than selﬁsh entities? PLoS Genet. 5,
e1000437.
Velázquez, E., Mateos, P.F., Pedrero, P., Dazzo, F.B., Martínez-Molina, E.,
1995. Attenuation of symbiotic effectiveness by Rhizobium meliloti
SAF22 related to the presence of a cryptic plasmid. Appl. Environ.
Microbiol. 61, 2033–2036.
Venter, A.P., Twelker, S., Oresnik, I.J., Hynes, M.F., 2001. Analysis of the
genetic region encoding a novel rhizobiocin from Rhizobium
leguminosarum bv. viciae strain 306. Can. J. Microbiol. 47, 495–502.
Vercruysse, M., Fauvart, M., Jans, A., Beullens, S., Braeken, K., et al., 2011.
Stress response regulators identiﬁed through genome-wide
transcriptome analysis of the (p)ppGpp-dependent response in
Rhizobium etli. Genome Biol. 12, R17.
Vijayan, V., Jain, I.H., O’Shea, E.K., 2011. A high resolution map of a
cyanobacterial transcriptome. Genome Biol. 12, R47.
Villaseñor, T., Brom, S., Dávalos, A., Lozano, L., Romero, D., et al., 2011.
Housekeeping genes essential for pantothenate biosynthesis are
plasmid-encoded in Rhizobium etli and Rhizobium leguminosarum.
BMC Microbiol. 11, 66.
Viprey, V., Del Greco, A., Golinowski, W., Broughton, W.J., Perret, X., 1998.
Symbiotic implications of type III protein secretion machinery in
Rhizobium. Mol. Microbiol. 28, 1381–1389.
Wang, E.T., Van Berkum, P., Sui, X.H., Beyene, D., Chen, W.X., et al., 1999.
Diversity of rhizobia associated with Amorpha fruticosa isolated from
Chinese soils and description of Mesorhizobium amorphae sp. nov. Int.
J. Syst. Bacteriol. 49, 51–65.
Weaver, R.W., Wei, G.R., Berryhill, D.L., 1990. Stability of plasmids in
Rhizobium phaseoli during culture. Soil Biol. Biochem. 22, 465–469.
Weaver, R.W., Wright, S.F., 1987. Variability in effectiveness of rhizobia
during culture and in nodules. Appl. Environ. Microbiol. 53, 2972–
2974.
Xu, Y., Murooka, Y., 1995. A large plasmid isolated from Rhizobium huakuii
bv. renge that includes genes for both nodulation of Astragalus sinicus
cv. Japan and nitrogen ﬁxation. J. Ferment. Bioeng. 80, 276–279.
Yanni, Y.G., Rizk, R.Y., Corich, V., Squartini, A., Ninke, K., et al., 1997.
Natural endophytic association between Rhizobium leguminosarum
bv. trifolii and rice roots and assessment of its potential to promote
rice growth. Plant Soil 194, 99–114.
Yost, C.K., Rath, A.M., Noel, T.C., Hynes, M.F., 2006. Characterization of
genes involved in erythritol catabolism in Rhizobium leguminosarum
bv. viciae. Microbiology 152, 2061–2074.
Yost, C.K., Rochepeau, P., Hynes, M.F., 1998. Rhizobium leguminosarum
contains a group of genes that appear to code for methyl-accepting
chemotaxis proteins. Microbiology 144, 1945–1956.
Zhang, X.S., Cheng, H.P., 2006. Identiﬁcation of Sinorhizobium meliloti early
symbiotic genes by use of a positive functional screen. Appl. Environ.
Microbiol. 72, 2738–2748.
Zhang, X., Kosier, B., Priefer, U.B., 2001. Symbiotic plasmid rearrangement
in Rhizobium leguminosarum bv. viciae VF39SM. J. Bacteriol. 183,
2141–2144.
Zou, X., Li, F., Chen, H., 1997. Characteristics of plasmids in Rhizobium
huakuii. Curr. Microbiol. 35, 215–220.
Zurkowski, W., 1982. Molecular mechanism for loss of nodulation
properties of Rhizobium trifolii. J Bacteriol. 150, 999–1007.
Zurkowski, W., Lorkiewic, Z., 1976. Plasmid deoxyribonucleic acid in
Rhizobium trifolii. J. Bacteriol. 128, 481–484.
